Purpose. To develop a population pharmacokinetic/pharmacodynamic (PK/PD) model that characterizes the effects of major systemic corticosteroids on lymphocyte trafficking and responsiveness. Materials and Methods. Single, presumably equivalent, doses of intravenous hydrocortisone (HC), dexamethasone (DEX), methylprednisolone (MPL), and oral prednisolone (PNL) were administered to five healthy male subjects in a five -way crossover, placebo -controlled study. Measurements included plasma drug and cortisol concentrations, total lymphocyte counts, and whole blood lymphocyte proliferation (WBLP). Population data analysis was performed using a Monte Carlo-Parametric Expectation Maximization algorithm. Results. The final indirect, multi-component, mechanism-based model well captured the circadian rhythm exhibited in cortisol production and suppression, lymphocyte trafficking, and WBLP temporal profiles. In contrast to PK parameters, variability of drug concentrations producing 50% maximal immunosuppression (IC 50 ) were larger between subjects (73Y118%). The individual log-transformed reciprocal posterior Bayesian estimates of IC 50 for ex vivo WBLP were highly correlated with those determined in vitro for the four drugs (r 2 = 0.928). Conclusions. The immunosuppressive dynamics of the four corticosteroids was well described by the population PK/PD model with the incorporation of inter-occasion variability for several model components. This study provides improvements in modeling systemic corticosteroid effects and demonstrates greater variability of system and dynamic parameters compared to pharmacokinetics.
INTRODUCTION
Corticosteroids have pleiotropic effects and are extensively used to prevent or suppress inflammation and immunological related diseases. Their immunosuppressive effect forms the rationale for their use in the treatment of autoimmune diseases (e.g., systemic lupus erythematosus) as well as acute organ transplant rejection (1) . Most effects of corticosteroids are mediated by genomic mechanisms, which may delay the time of onset and peak effects by several hours (2) . Recent studies suggest that nongenomic mechanisms are also important, which are characterised by a rapid onset of effects (3) . Thus, the net immunosuppressive effect of corticosteroids reflects the combination of rapid and delayed responses.
Mechanism-based pharmacokinetic/pharmacodynamic (PK/PD) models have been published for selected corticosteroids that describe rapid effects such as lymphocyte trafficking (4) and delayed effects such as whole blood lymphocyte proliferation (WBLP) (5) . Based on the mechanism of action, lymphocyte immune responses can be well described using an indirect pharmacodynamic response model (6) . In a previous analysis, we characterized and compared the immunosuppressive properties of four selected corticosteroids using a standard two stage analysis, showing that dose equivalency can be assessed using mechanistic indirect response models (7) . However, PK/PD parameters were estimated as constant values across all occasions. A population PK/PD approach has been described to appropriately evaluate inter-occasion variability (IOV) (8) .
The purpose of this study is to develop a population PK/PD model that characterizes the effects of major systemic corticosteroids on lymphocyte trafficking and immunoresponsiveness using an Monte Carlo-Parametric Expectation Maximization (MC-PEM) algorithm. An approach is presented that accounts for the modeling of interoccasion pharmacodynamic variability. The relationship between ex vivo and in vitro immunosuppressive potency is examined.
MATERIALS AND METHODS

Study Design and Bioassay
Details of the study design were described previously (7) . Briefly, this was a randomized, five-way crossover study with placebo control. Single, equivalent doses of intravenous hydrocortisone (HC, hydrocortisone sodium succinate, SoluCortef \ , Pharmacia), dexamethasone (DEX, dexamethasone phosphate, Decadron \ , Merck), methylprednisolone (MPL, methylprednisolone sodium succinate, Solu-Medrol \ , Pharmacia), and oral prednisolone (PNL, generic prednisolone tablets, Schein) were given to five healthy male subjects (ages 32.2 T 7.6 years and weights 73.6 T 10.7 kg). Each period was separated by a two-week washout. The average doses for HC, DEX, MPL, and PNL were 149, 5.7, 29, and 37 mg, which were stratified based on the total body weight of each subject as described by Mager et al. (7) . Blood samples were collected at 0, 0.5, 1, 1.5, 2, 4, 8, 12, 16, 24, 28 , and 32 h after dosing during each study period. The study was approved by the Kaleida Health Millard Fillmore Hospital Institutional Review Board (Buffalo, NY), and written informed consent was obtained from all study subjects. Corticosteroid concentrations in plasma were measured using the normal phase high performance liquid chromatography (HPLC) assay validated by Jusko et al. (9) . The lower limit of quantitation was 10 ng/ml for all steroids, and intra-and inter-day coefficients of variation were less than 12%. Total lymphocyte cell count was obtained using an automated haemocytometer (CELL-DYN 1700, Abbott Laboratories, Abbott Park, IL) as described previously (10) .
Whole Blood Lymphocyte Proliferation
The in vitro WBLP was determined by the assay developed by Ferron et al. (5) . Blood samples collected at time zero were diluted 1:20 (v/v) with whole blood human complete medium (RPMI 1640 supplemented with 2 mM Lglutamine, 20 mM HEPES, 100 U/mL penicillin, 100 mg/mL streptomycin, 0.25 mM 2-mercaptoethanol). Diluted blood (165 mL) was plated in 96-well plates and the study drug (20 mL) was added to produce well concentrations ranging from 0.2 to 2,000 nM. Proliferation was induced by phytohemagglutinin (PHA) at a final concentration of 3 mg/mL. All samples were performed in quadruplicate in a total volume of 200 mL per well. After incubation for 72 h at 37-C in a 7.5% CO 2 -humidified air incubator, cultures were pulsed with 1 mCi of [ The ex vivo WBLP was performed using the blood collected at serial time points after the dosing of drug. The procedure is identical to the aforementioned in vitro method except for replacing 20 mL pulsing drug with the same volume of medium.
PK/PD Analysis
An integrated mechanism-based PK/PD model was proposed and is shown in Fig. 1 . The model reflects circadian secretion of cortisol suppressed by drug, and the joint inhibitory effect on lymphocyte trafficking and lymphocyte immune responses by endogenous cortisol and exogenous corticosteroids. The pharmacokinetics of DEX, MPL, and PNL were characterised by one-and two-compartment mammillary models as previously described (7).
Pharmacodynamic Model
Cortisol Dynamics. Under normal physiological conditions, endogenous cortisol concentrations (C en ) in the blood follow a circadian-episodic profile which can be described by a turnover model with a first-order elimination rate constant (k out ), using the following differential equation:
where k in (t) is the cortisol input function, which was defined as:
where a n and b n are Fourier coefficients obtained by L 2 -norm approximation using FOURPHARM (11) . The inhibitory effect of corticosteroids on cortisol secretion can be characterized by an indirect response model as: where C p is the plasma concentration of exogenous corticosteroids, IC 50 is the concentration of exogenous corticosteroid achieving 50% inhibition of cortisol secretion, and S is the stimulation coefficient for PNL. The rate of change of exogenous HC concentrations is specified as:
Since exogenous hydrocortisone (C hc ) and endogenous cortisol are chemically identical, the total cortisol concentration (C t ) following iv administration of HC is:
Lymphocyte Trafficking. Lymphocytes naturally equilibrate between blood and extravascular spaces (e.g., bone marrow, lymph node, and spleen). The movement of lymphocytes from peripheral tissues to blood can be inhibited by corticosteroids, which results in lymphocytopenia after treatment. The suppressive effect of corticosteroids on lymphocyte trafficking can be defined by an indirect response model which accounts for the joint effect of endogenous cortisol and exogenous corticosteroids (12):
where L represents lymphocyte counts in the blood pool, k in,L is an apparent zero-order rate constant, IC 50,C and IC 50,GC reflect the endogenous cortisol (C en ) and exogenous corticosteroid concentrations (C p ) that produce a 50% inhibition of maximal lymphocyte trafficking, and k be is a first-order rate constant. The C P was fixed to 0 when the placebo data were analyzed. This same approach has been adopted by Stark and coworkers to describe the combined pharmacodynamic effects of budesonide and cortisol on lymphocytes (13) . Ex vivo Whole Blood Lymphocyte Proliferation. The inhibitory effect of corticosteroids on ex vivo WBLP was modeled using (10):
where WBLP t is the extent of [ 3 H]-thymidine incorporated by lymphocytes at time, t, post dose, which reflects ex vivo lymphocyte proliferative response, and is normalized by the corresponding value measured at predose (WBLP 0 ); L t and L 0 are the lymphocyte count at time t and at pre-dose; DF is the dilution factor which is fixed to 0.05; C a is the active corticosteroid concentration, which was introduced to account for the initial delay of lymphocyte responsiveness and was modeled by a linear transit compartment:
where k t is a first-order rate constant.
In vitro Whole Blood Lymphocyte Proliferation. The observed lymphocyte proliferative response in vitro (E) was calculated by:
where cpm is counts per minute. The subscripts D, N, and 0 denote counts after drug exposure, negative control (in absence of PHA and drug), and control (maximum counts without drug).
The inhibitory effect-concentration profile was modeled using a simple I max model:
where E 0 is 100%, I max is maximum inhibitory effect on WBLP in vitro, C p is the corticosteroid concentration, and IC 50 represents the drug concentration producing 50% of maximum inhibition.
Modeling Inter-occasion Variability
A general approach for modeling IOV using an MC-PEM algorithm has been described (14) . Denoting the ith subject_s base parameter value P b,i and the deviation of jth occasion from subject_s base parameter DP ij , the subject_s parameter value at the jth occasion P ij can be defined as:
The following mathematical functions were then specified to model P b,i and DP ij :
where f P b P b is the typical value of P b in the population, and $ e P j P j , defined as the typical value of DP j , is fixed to 1. Any offdiagonal variance terms among DP j are set to 0. Therefore, the population variance of base parameter P b is defined as the interindividual parameter variance. The population variance of DP j , when averaged by the number of occasions, creates a single inter-occasion variance for the parameter.
Data Analysis
PK/PD data were analyzed using the Monte CarloParametric Expectation Maximization (MC-PEM) algorithm implemented in the S-ADAPT program (ver 1.51, http:// bmsr.usc.edu/) (14) .
The variance model was defined as:
where var i is the variance of the ith data point, s 1 and s 2 are the variance parameters with s 2 fixed to 2, and Y(q, C i ) is the ith predicted value from the PK/PD model.
RESULTS
Pharmacokinetics
The pharmacokinetic profiles for DEX, MPL, and PNL were best described by simple compartmental models and served as suitable driving functions for the pharmacodynamic model. Representative plasma concentration-time profiles are shown in Fig. 2 , and the estimated pharmacokinetic parameters are listed in Table I . The final parameter estimates are in good agreement with those of previous studies (7, 10) , and the primary pharmacokinetic terms (CL and V) demonstrate low inter-individual variability (<27%).
Cortisol Dynamics
Typical cortisol concentration-time and model fitted profiles following treatment with HC, DEX, MPL, and PNL are shown in Fig. 3 . Rapid cortisol suppression was observed after drug administration. The baseline circadian rhythm resumed approximately 18 h after dosing of HC, MPL and PNL, whereas DEX persistently inhibited cortisol secretion over 32 h.
The population mean estimate for the volume of distribution of HC is 126 L, which is comparable to the value obtained in the previous study (115 L) (7). This estimate is considerably greater than that reported by Derendorf and colleagues (15) ; however, they administered 20 mg of HC following the suppression of endogenous cortisol by DEX administration. The increased dose given in the present study coupled with the nonlinear plasma protein binding of cortisol might result in an increase in the plasma free fraction of cortisol and an increase in the apparent volume of distribution of this drug. The estimated pharmacodynamic parameters for cortisol suppression are listed in Table II . The IC 50 values for HC, DEX, and MPL are 5.52, 0.167, and 1.59 ng/mL. The IC 50 for PNL, when corrected for plasma free fraction (25%) (16), is 2.38 ng/mL, which is comparable with our previous estimate of 1.87 ng/mL (7). Prednisolone and cortisol have been shown to compete for transcortin in a competitive and concentration-dependent fashion (17) , which might account for the increase in the elimination rate of cortisol. Therefore, a stimulation coefficient (S) was introduced to account for the increased cortisol elimination in the presence of prednisolone and was estimated to be 0.0110 mL/ng. The population mean estimate of the cortisol elimination rate constant (k out ) was 0.3 h j1 and displayed 37.9% variability between occasions. The variability of IC 50 for each of study drugs was large between subjects, ranging from 41 to 170%.
Lymphocyte Trafficking
Total lymphocyte counts with model fitted curves after placebo and dosing of the four corticosteroids are shown in Fig. 4 . The model well captured the lymphocyte circadian rhythms, which were out of phase with cortisol profiles. After administration of the single doses, a transient lymphocytopenia in peripheral blood was induced, reaching its nadir at approximately 5 h post dose. The lymphocyte count resumed toward baseline conditions after about 20 h. Diagnostic plots revealed that there was good agreement between population predicted and individual observed values, and no systematic biases can be identified in the weighted residual plot (see BSupplementary Materials^).
The pharmacodynamic parameters obtained from modeling are presented in Table III . The rank order of population mean estimates of IC 50 for lymphocyte trafficking is DEX<MPL<PNL<HC (8.5, 19.6, 31.8, and 91.1 ng/mL). The inter-occasion variability of IC 50 for cortisol (IC 50C ) was estimated to be lower relative to its inter-individual variability (14.4 vs. 28.9%).
Whole Blood Lymphocyte Proliferation
The pharmacodynamic model for ex vivo WBLP includes a drug-induced suppression of both cortisol and lymphocyte counts and a linear transduction delay of drug activity on lymphocyte proliferation (Fig. 1) , and well captured the major features of the data (Fig. 5) . The WBLP dynamics after the administration of HC and PNL were similar, with maximum suppression occurring at approxi- mately 3 h post dose and a gradual recovery to pre-dose levels at around 16 h. In contrast, the extent of WBLP inhibition was more pronounced for MPL and DEX, where for the latter, complete inhibition lasted for up to 8 h. No systemic bias was observed in diagnostic plots (see BSupplementary Materials^). The estimated pharmacodynamic parameters for ex vivo WBLP are summarized in Table IV . The population mean transit time (MTT) corresponding with the initial delay of immunoresponsiveness, is about 4.6 h (MTT = 1/k t ). The population mean estimates of drug concentrations producing 50% maximal inhibition of ex vivo WBLP (IC 50 ) has the same rank order as that for lymphocyte trafficking, with the lowest value of 0.112 ng/mL for DEX and the highest value of 4.72 ng/mL for HC. The variability of IC 50 values was large between subjects, ranging from 73 to 118%. .9), and 51.8 (16.4) ng/mL for DEX, MPL, PNL, and HC. More importantly, it was found that the individual log-transformed posterior Bayesian estimates of drug potency for ex vivo WBLP were highly correlated with those determined in vitro (r 2 = 0.928) (Fig. 6 ).
DISCUSSION
An integrated mechanistic population PK/PD model was developed that describes cortisol dynamics, lymphocyte trafficking, and whole blood lymphocyte proliferation in humans treated with four systemic corticosteroids. The present study introduced several innovations in creating this multi-component model for jointly assessing the dynamics of the four drugs. The use of a stimulation coefficient in the cortisol model to account for the protein-binding displacement properties of PNL permitted an assessment of the interoccasion variability of the k out of cortisol (Eq. 3). In the lymphocyte trafficking model, an interactive function was adapted to evaluate the joint effect of endogenous cortisol and exogenous corticosteroids (Eq. 6). Furthermore, the explicit equation used to model ex vivo lymphocyte proliferation (Eq. 7) accounts for both alterations in cortisol and cell trafficking caused by these drugs. Finally, it was necessary to account for a signal transduction delay (Eq. 8) for inhibition a IOV: inter-occasion variability, expressed as percent of coefficient of variation. of lymphocyte proliferation. Our primary focus, however, was the simultaneous modeling of all study phases allowing examination of variability of system parameters. The MC-PEM algorithm was selected to perform population analyses of the PK/PD data in this study. In contrast to the first-order approximation to the objective function values and maximum likelihood method implemented in NONMEM, MC-PEM estimates the parameter vector and variance matrix by randomly sampling over the entire parameter space and, therefore, is relatively more robust and efficient for analyzing population data with complex PK/PD models (14, 18) . The primary pharmacokinetic parameters (CL and V) for each study drug exhibited low inter-individual variability (3Y26%). In contrast, interindividual pharmacodynamic variability of ex vivo WBLP inhibition (IC 50 ) was large (73Y118%). Several mechanisms might contribute to the higher pharmacodynamic interindividual variability. Firstly, inhibition of the T-lymphocyte induced immune response is the result of the joint effects of exogenous corticosteroids and endogenous cortisol. Therefore, factors influencing cortisol secretion may have an impact on lymphocyte responsiveness. Hon and coworkers investigated the pharmacodynamics of corticosteroids in healthy subjects with and without histamine N-methyltransferase (HNMT) genetic polymorphism (19) . Subjects with C/C genotype were more sensitive to corticosteroid inhibition of cortisol secretion (i.e. lower IC 50 values) than those carrying the C/T genotype. The authors postulated that this might be directly related to altered HNMT activity. Secondly, cytokines are essential co-factors for the lymphocyte proliferation reaction (20) . Corticosteroids target the signal transduction pathway leading to interleukin-2 (IL-2) expression by inhibiting the nuclear translocation of transcription factors (e.g., nuclear factor-AT (NF-AT) and NF-kB) which are crucial to the induction of cytokines during T-cell activation (21) . A recent study investigating the immunosuppressive capacity of cyclosporine revealed considerable interindividual variation in the expression of cytokine mRNA such as IL-2, IL-4, interferon-g, and tumor necrosis factor-a (22) . In contrast to the pronounced pharmacodynamic variability between subjects, the inter-occasion variability is estimated to be lower, which is reflected by minor fluctuation of individual posterior Bayesian parameter estimates across each study period (Fig. 7) . This study result supports expectations in clinical pharmacology that pharmacodynamic variability in humans tends to be large but reproducible (23) .
Placebo and
Population PK/PD analysis serves to quantify sources of inter-and intra-individual variability. When variability between study occasions is suspected, a common practice is to treat each occasion as a separate individual, which may bias the parameter estimation and inflate the interindividual variance (8) . We therefore evaluated the effect of IOV on the estimation of population parameters and variances using S-ADAPT. Bias was detected in certain fixed-effect parameter estimates when IOV was not considered. The model with the inclusion of IOV estimated IC 50C for cortisol dynamic and lymphocyte trafficking to be 5.52 and 91.1 ng/mL compared to 7.22 and 81.2 ng/mL obtained from the model excluding IOV, whereas, the accuracy of these parameter estimates decreased when IOV was ignored (25 vs. 124% and 17 vs. 26% (CV%) for the IC 50C estimates of cortisol dynamics and lymphocyte trafficking). The effect of IOV modeling on the fixed-effect parameters is modest compared to its influence on the variance estimation. Ignoring IOV consistently inflated the estimated inter-individual pharmacodynamic variances. For example, the inter-individual variability of IC 50C for cortisol secretion and lymphocyte trafficking were 41 and 29% obtained from the model with IOV in contrast to those of 88 and 54% from the model without IOV. Therefore, dissecting IOV from the composite variability more accurately reflects the inter-individual variability in the population. The improvement in the post hoc individual fittings in cortisol dynamics and lymphocyte trafficking and proliferation after the incorporation of IOV were evident by visual inspection.
A whole blood culture technique was used to evaluate lymphocyte immunodynamics owing to its simplicity with the fact that stimulating and suppressive factors for lymphocyte functions are maintained and that the microenvironment for lymphocytes is better preserved (24) . There was a strong correlation between ex vivo and in vitro estimates of immunosuppressive potency, suggesting that in vitro WBLP might serve as an indirect measure of the in vivo immunosuppressive activity of corticosteroids. Interestingly, the ex vivo immunosuppressive potencies were approximately 10-fold greater than in vitro estimates (Fig. 6) . The in vitro addition of corticosteroids to whole blood apparently does not reflect the biomolecular events occurring systemically following in vivo corticosteroid administration. T-lymphocyte responsiveness is the consequence of a cascade of events which includes phosphorylation of key signaling proteins and cytokine production (20, 21) . Corticosteroids may activate certain signaling pathways and/or cytokine induction/inhibition which are not likely present in an in vitro environment (25) . In addition, the transient lymphocytopenia induced by in vivo administration of corticosteroids may play a role. 6 . Correlation between log-transformed reciprocal individual posterior Bayesian estimates of drug potency (1/IC 50 ) for ex vivo whole blood lymphocyte proliferation in subject 1(P), subject 2 ( ) ), subject 3 (r), subject 4 (q), and subject 5 (3) and those determined in vitro (r 2 = 0.928).
In conclusion, mechanism-based population PK/PD models were developed to describe the immunosuppressive dynamics of four major systemic corticosteroids utilizing an MC-PEM algorithm. Final models evaluated inter-occasion pharmacodynamic variability and results reflect a basic tenet of pharmacodynamics, namely that inter-individual PD variability tends to be large as compared to PK variability, but is reproducible. The strong correlation between in vitro and ex vivo immunosuppressive potency suggests that relative potency defined in vitro can be potentially used to predict the in vivo immunosuppressive activity of systemic corticosteroids. . Individual posterior Bayesian parameter estimates for subject 1(P), subject 2 ( ) ), subject 3 (r), subject 4 (q), and subject 5 (3) in each study period. PL represents the placebo control.
